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ABSTRACT 
 The transistor laser is a unique three-port device that operates simultaneously as a 
transistor and a laser.  With quantum wells incorporated in the base regions of 
heterojunction bipolar transistors, the transistor laser possesses advantageous 
characteristics of fast base spontaneous carrier lifetime, high differential optical gain, and 
electrical-optical characteristics for direct “read-out” of its optical properties. These 
devices have demonstrated many useful features such as high-speed optical transmission 
without the limitations of resonance, non-linear mixing, frequency multiplication, 
negative resistance, and photon-assisted switching.  
 To date, all of these devices operate as multi-mode lasers without any type of 
wavelength selection or stabilizing mechanisms.  Stable single-mode distributed feedback 
diode laser sources are important in many applications including spectroscopy, as pump 
sources for amplifiers and solid-state lasers, for use in coherent communication systems, 
and now as TLs potentially for integrated optoelectronics.  The subject of this work is to 
expand the future applications of the transistor laser by demonstrating the theoretical 
background, process development and device design necessary to achieve single-
longitudinal-mode operation in a three-port transistor laser.  A third-order distributed 
feedback surface grating is fabricated in the top emitter AlGaAs confining layers using 
soft photocurable nanoimprint lithography.  The device produces continuous wave laser 
operation with a peak wavelength of 959.75 nm and threshold current of 13 mA operating 
at -70 °C.  For devices with cleaved ends a side-mode suppression ratio greater than      
25 dB has been achieved.   
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1 INTRODUCTION 
Following Bardeen’s and Brattain’s discovery of the transistor [1] and the 
identification of minority carrier injection and collection as the physical principle 
underlying transistor action, Shockley’s development of PN junction theory and junction 
transistors [2] led to the development of the integrated circuits electronics industry [3], 
[4].  The concept of a wide bandgap semiconductor emitter [5], [6] is used in 
heterojunction bipolar transistors (HBTs) employing compound semiconductor materials.  
 The base current plays a key role in traditional transistor operation.  One of the 
important components of the base current is the recombination current in the base bulk 
region, which is usually lost or dissipated as heat.  Traditionally, researchers try to 
minimize the base recombination in Si-based bipolar transistors and III-V based 
heterojunction bipolar transistors in order to increase the common-emitter current gain.  
The intentional optimization of light emission from the base layer of InGaP/GaAs HBTs, 
however, brings about a new functionality to the electrical devices and leads to new types 
of three-port compact light sources: light-emitting transistors (LETs) [7] and transistor 
lasers (TLs) [8],[9].  Unlike Si, with the limitations imposed by its indirect bandgap, III-
V compound semiconductors have a much higher inherent radiative recombination 
efficiency due to the advantage of their direct bandgaps, making possible the operation of 
efficient light-emitting diodes (LEDs) and laser diodes (LDs) [10], [11].  The 
development of TLs, which combine the functionalities of both TLs and HBTs, seems to 
be a natural evolution within the realm of compound semiconductor research.  The 
development of TLs has gained substantial success.  With quantum wells (QWs) 
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incorporated in the base regions of heterojunction bipolar transistors (HBTs) and with 
improved base-region reflection, improved cavity Q-factor TLs have demonstrated the 
capability for non-linear mixing [12], frequency multiplication [13], [14], negative 
resistance [15], photon-assisted switching [16], and resonance-free operation [17]. 
 To date, all of these devices operate as multi-mode lasers without any type of 
wavelength selection or stabilizing mechanisms.  Stable single-mode distributed feedback 
(DFB) diode laser sources are important in many applications including spectroscopy, as 
pump sources for amplifiers and solid-state lasers, for use in coherent communication 
systems, and now as TLs potentially for integrated optoelectronics.  Conventional buried 
heterostructure (BH) DFB lasers typically need one or more etching/regrowth process 
steps associated with grating formation either above or below the active region to 
complete the epitaxial laser structure.  This is an especially difficult process when the 
laser structure utilizes aluminum-containing layers.  Postgrowth surface grating 
techniques using index coupling between the optical field and grating have shown 
promise as alternatives to the complicated, expensive, and time-consuming regrowth 
process [18], [19].  Placing the grating on the surface of the epitaxial layers will allow a 
DFB structure to be more easily integrated and implemented in the transistor laser 
process.  
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2 DFB DESIGN AND THEORY 
2.1 Material Layer Structure Design 
The materials employed in these devices are chosen to optimize the electrical 
transport characteristics as well as the optical cavity and light output of the transistor.  
Two different transistor laser crystal structures were used in this work to develop and 
demonstrate the effectiveness of a distributed feedback surface grating technique to 
achieve single-longitudinal-mode emission from a transistor laser.  The first structure was 
a tunnel junction transistor laser (TJ-TL) design chosen because it had previously 
demonstrated lasing operation near room temperature [20] and would thus facilitate 
testing the effects of the DFB grating on the optical cavity of a transistor laser structure.  
A schematic of the epitaxial layers for the first crystal is shown in Figure 2.1. 
 
Figure 2.1  Tunnel junction transistor laser layer structure showing the waveguide and 
cladding layers.  
 
  
The epitaxial layers of the crystal used for the TJ-TL are grown by metal-organic 
chemical-vapor deposition (MOCVD) and consist of a 2000 Å n-type heavily doped 
GaAs buffer layer, followed by a 200 Å In0.49Ga0.51P etch stop layer, a 3300 Å n-type 
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GaAs contact layer, a 120 Å In0.49Ga0.51P etch stop layer, a 300 Å n-type Al0.40Ga0.60As 
layer, a 250 Å n-type Al0.80Ga0.20As layer, a 4000 Å n-type Al0.95Ga0.05As layer, a 250 Å 
n-type Al0.80Ga0.20As layer, and a 550 Å n-type Al0.40Ga0.60As layer forming the bottom 
cladding layers.  These layers are followed by a 300 Å n-type GaAs layer and a 150 Å n-
type In0.05Ga0.95As layer that are both heavily doped to 2x10
19
 cm
-3
 and form the tunnel 
junction.  These are followed by a 100 Å p-type Al0.10Ga0.90As layer and a 1210 Å p-type 
GaAs base layer, which includes also (in the middle of the base region) a 120 Å InGaAs 
QW designed for λ ≈ 1000 nm at room temperature.  The epitaxial laser structure is 
completed with the growth of the upper cladding layers, which consist of a 250 Å n-type 
In0.49Ga0.51P wide-gap emitter layer, a 300 Å n-type Al0.40Ga0.60As oxidation buffer layer, 
a 250 Å n-type Al0.80Ga0.20As oxidation buffer layer, a 4000 Å n-type Al0.92Ga0.08As 
oxidizable layer, a 250 Å n-type Al0.80Ga0.20As layer, and a 300 Å n-type Al0.40Ga0.60As 
layer.  Finally, the laser structure is capped with a 1000 Å heavily doped n-type GaAs 
contact layer. 
The second structure utilized in this work is a single quantum well transistor laser 
design whose epitaxial layers are shown schematically in Figure 2.2. 
 
Figure 2.2  Diagram of the epitaxial layers of a crystal used for a DFB-TL. 
A recombination quantum well (QW) is incorporated in the p-type base and 
cladding structure. 
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The DFB-TL consists of a 50 Å n-type heavily doped GaAs buffer layer, followed by 
a 630 Å n-type Al0.40Ga0.60As layer, a 4000 Å n-type Al0.95Ga0.05As layer, and a 250 Å n-
type Al0.40Ga0.60As layer forming the bottom cladding layers.  These layers are followed 
by a 300 Å n-type sub-collector layer, then a 150 Å In0.49Ga0.51P etch stop layer, a 600 Å 
undoped GaAs collector layer, and a 850 Å p-type GaAs base layer, which includes also 
(in the base region) a 120 Å InGaAs QW designed for λ ≈ 980 nm at room temperature.  
The epitaxial laser structure is completed with the growth of the upper cladding layers, 
which consist of a 600 Å n-type In0.49Ga0.51P wide-gap emitter layer, a 50 Å n-type GaAs 
buffer layer, a 200 Å n-type Al0.35Ga0.65As oxidation buffer layer, a 200 Å n-type 
Al0.80Ga0.20As oxidation buffer layer, a 4000 Å n-type Al0.95Ga0.05As oxidizable layer, a 
300 Å n-type Al0.80Ga0.20As layer, and a 500 Å n-type Al0.35Ga0.65As layer.  Finally, the 
laser structure is capped with a 1000 Å heavily doped n-type GaAs contact layer. 
The optical cavity of the structure is designed such that the total distance from the 
top of the emitter contact to the bottom of the sub-collector has a thickness of one 
wavelength at 980 nm emission.  The single QW is inserted exactly at one-half 
wavelength distance away from either end of the cavity in order to maximize the optical 
confinement factor in the transverse direction by increasing the overlap of the main 
optical mode with the QS layer.  To perform further design calculations, the refractive 
indices of all the epitaxial materials used in both the TJ-TL and the DFB-TL must be 
known.  For the TJ-TL, the desired emission wavelength at room temperature is 1000 nm 
and the index values used for all theoretical estimations are 3.509 for GaAs, 3.452 for 
Al0.10Ga0.90As, 3.252 for Al0.40Ga0.60As, 3.041 for Al0.80Ga0.20As, 2.983 for Al0.92Ga0.08As 
and 3.263 for InGaP [21], [22].  The refractive indices (at λ = 980 nm) used for the 
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materials in the DFB-TL layer structure design are 3.521 for GaAs, 3.335 for 
Al0.35Ga0.65As, 3.258 for Al0.40Ga0.60As, 3.046 for Al0.80Ga0.20As, 2.974 for Al0.95Ga0.05As 
and 3.263 for InGaP [21], [22].  These numbers are used for calculations in the following 
sections. 
2.2 Grating Period Calculations 
In order to achieve stable single-mode output emission at either 980 or 1000 nm, 
which are the design wavelengths of the semiconductor crystals studied in this work, a 
grating is etched so that the thickness of the upper cladding layers varies periodically 
along the length of the device.  The resulting periodic perturbation of the refractive index 
provides feedback through Bragg scattering which couples the forward and backward 
propagating waves in the optical cavity.  The dimensions of the grating are determined by 
the Bragg condition given by Equation (2.1) [23]. 
                   
eff
G
n
m
2
0   (2.1) 
    In this equation, ɅG is the grating period, m is the order of Bragg diffraction 
induced by the grating, λ0 is the target wavelength, and neff is the effective refractive 
index of the unperturbed laser structure.  The required period of the grating, for lasers 
operating around 980 nm, is in the range of 150 nm for first order gratings meaning that 
the size of the lines and spaces in the structure must be around 75 nm.  Fabricating 
features with these dimensions would result in very high etch depth aspect ratio that 
would be very difficult to achieve even using advanced processing techniques.  Utilizing 
a higher order grating increases design tolerances and allows for a greater process 
window during fabrication.  For this reason, third-order Bragg gratings were used in this 
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work.  Once the desired wavelength and grating order are decided, the effective refractive 
index of the laser waveguide is the last variable that must be determined in order to 
establish the grating period.  The value of neff depends on the epitaxial materials used to 
form the TL as well as dimensions of the device structure.  A schematic of the basic 
unperturbed ridge-waveguide TL device configuration is shown in Figure 2.3 indicating 
the height of the emitter mesa ridge, hE, the width of the native oxide lateral confinement 
collar, Wox, and the width of the un-oxidized emitter active region, WE, composed of the 
upper cladding AlGaAs layers.  Exact details of the structure and its fabrication will be 
given in the next chapter. 
 
Figure 2.3  Schematic cross section of an unperturbed ridge-waveguide transistor laser 
structure showing emitter mesa with lateral native oxide confinement. 
 
 In order to find the effective refractive index of this structure and subsequently 
the period of the grating necessary to produce single-mode emission at the Bragg 
wavelength, the optical modes of the TL ridge waveguide of Figure 2.3 must be 
determined.  The mathematical description of the laser modes for the waveguide is based 
on the time-independent wave equation, 
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   0, 20
2  EE kyx    (2.2) 
 where the spatially varying dielectric constant is generally of the form 
    xyx j ,   (2.3) 
with j indicating the various layers and regions of the semiconductor material that make 
up the laser waveguide.  Obtaining an exact analytical solution of Equation (2.3) is very 
difficult and can require complex simulation software, so it is necessary to make certain 
simplifying assumptions to make the laser design possible.  The effective index method 
[24], [25] can be used to split the two-dimensional wave equation into two separate one-
dimensional parts that can be more easily solved.  The basic concept is to convert the 
problem of the channel waveguide into two planar waveguides.  The effective index 
method then becomes a good approximation as long as the waveguide width is larger than 
its thickness, (WE + Wox) > hE, and the waveguiding in the x direction (referenced to 
Figure 2.3) is not stronger than that in the y direction. 
 It is then possible to analyze the full laser configuration utilizing a five-layer 
planar waveguide approach in both the x and y directions.  Applying the effective index 
method to the TL structure of Figure 2.3 involves first breaking the waveguide into 25 
smaller sections and determining the refractive index for each section individually as 
shown in Figure 2.4.  To find the refractive index nij (where i and j refer to columns and 
rows of the matrix) for regions that contain more than one type of semiconductor 
material, it is necessary to further simplify the calculation by solving for nij using a 
weighted average according to Equation (2.4):  
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where k is the number of the semiconductor layer in the region and lk is the thickness of 
the individual layer k.  The use of Equation (2.4) involves two important approximations 
that are (1) the electric field varies slowly over each layer, and (2) the optical wavelength 
is much larger than each of the layer’s thickness.  Both conditions are well justified for 
the structures studied in this work. 
 
 
Figure 2.4  (a) Layer structure schematic for the transistor laser waveguide and (b) 
simplification of the waveguide for application of the effective index method showing 
individual areas with local refractive indices. 
 
Once the values for each region are calculated using the refractive index constants given 
in the previous section, the problem can be further reduced by treating row B as a 
symmetric five-layer slab waveguide and solving for the lowest order TE even modes 
according to the setup of Figure 2.5. 
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Figure 2.5 Simplified schematic of the TL ridge-waveguide structure used to solve the 
optical modes of a five-layer planar waveguide in the x direction for row B.  
 
By assuming a symmetric structure in the x direction and that the outer layers can be 
considered semi-infinite, we can set up even TE mode solutions of the following form:  
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where Ey0 is the maximum electric field amplitude; A1, A2, and A’2 are the relative 
amplitude coefficients for the outer layers; κ is the transverse wave number in the central 
core region; α1 is the decay constant for the outer layers in columns 1 and 5 of Figure 2.5;  
and α2 can either be real or imaginary for either a decaying or oscillatory solution in the 
regions corresponding to columns 2 and 4 of Figure 2.5.  For a planar waveguide, the 
homogeneous wave equation for the TE mode is simplified and given by 
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where 
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and the other two non-zero field components are obtained from Ey: 
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In order for Equation (2.5) to satisfy Equation (2.6), the mode constants have to obey the 
following relationships: 
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By applying the appropriate boundary conditions that Ey and Hz (Equation (2.8)) must be 
continuous across the interfaces between the layers of different refractive indices for the 
regions indicated in Equation (2.5), we can obtain four simultaneous equations that can 
be combined to solve for A1, A2, and A’2.  From this, the following expressions are 
obtained for the amplitude coefficients: 
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Equations (2.10a-c) are substituted back into Equation (2.5) and the boundary condition 
at t3/2 is again taken into consideration to give the following guidance condition for even 
modes: 
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Equation (2.11) can then be re-arranged and broken up to represent the case for an 
asymmetric five-layer slab waveguide: 
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The Mathmatica software program is then used to solve Equation (2.11b) by picking an 
initial condition for nBeff and then using an iterative method to obtain a final answer.  
After obtaining a value for the effective refractive index of row B, the problem geometry 
is reduced to a five-layer slab waveguide as seen in Figure 2.6.  Equation (2.11b) is then 
used with the orientation switched to solve for a five-layer planar waveguide in the 
transverse y-direction with indices and dimensions as indicated in Figure 2.6.   
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Figure 2.6 Simplification of the TL ridge-waveguide formation to a five-layer planar 
waveguide geometry to solve for the effective refractive index of the entire structure. 
 
 This application of the effective index method results in neff  = 3.296 for the 
unperturbed TL ridge-waveguide geometry with the DFB-TL layer structure of Figure 2.2 
and device dimensions WE = 4 μm and Wox = 0.5 μm corresponding to Figure 2.4.  
Plugging this neff value into Equation (2.1) for a third-order Bragg structure with emission 
wavelength of 980 nm yields a DFB grating with ɅG = 444 nm.  Solving for a transistor 
laser ridge waveguide of the same dimensions for the TJ-TL crystal structure of Figure 
2.1 and a Bragg wavelength of 1000 nm yields neff  = 3.303 and ɅG = 454 nm.  Linear 
grating templates were produced for both designs and their use in the fabrication process 
will be described in Chapter 3. 
2.3 Coupling Coefficient Calculations 
 In order to ensure single-longitudinal-mode operation of the DFB-TL with good 
wavelength selectivity, the periodic grating introduced in the upper cladding layers of the 
device must yield a sufficiently high coupling level to the optical field of the waveguide.  
Since only the evanescent field associated with the fundamental transverse mode interacts 
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with the grating, the exact location of the grating with respect to the active layer and the 
grating depth are critical in determining the effectiveness of the grating.  Using coupled-
wave theory, the general expression for the coupling coefficient κ is [26]:   
   
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where λ0 is the Bragg wavelength, neff is the effective refractive index of the unperturbed 
waveguide solved in the previous section, Ψ(x, y) is the transverse 2D distribution of the 
dominant electromagnetic field component, and Δε(x, y, z) is the dielectric perturbation 
resulting from the periodic grating.  Equation (2.15) states that the strength of the 
coupling coefficient depends on the amount of overlap between the total optical field 
distribution and the DFB grating.  If the transverse refractive index distributions in the 
grating areas are constant, the coupling coefficient κ for rectangular-shaped gratings can 
be written as [27]: 
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with 
                  (2.17) 
where Γg is the fraction of the optical mode intensity inside the grating region with Γx and 
Γy corresponding to the overlap in the x and y directions, n1 and n2 are to the refractive 
indices of material in the etched and non-etched grating regions according to Figure 2.7, 
m is the grating order, and γ is the duty cycle of the grating (defined as the ratio of the 
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width of the etched region, a, to the grating period, ΛG referenced to Figure 2.7b).  A 
schematic diagram of the front and side view cross sections of the DFB-TL waveguide 
used to solve for the coupling coefficient is shown in Figure 2.7.  The total etch depth 
into the upper cladding layers d determines the magnitude of the optical overlap with the 
grating region in the transverse y-direction, Γy.  The value of Γy is determined using the 
iOMARS (Illinois Optical Mode and Reflectivity Solver) software program which is a 
general purpose slab waveguide optical mode solver.  In order to simplify the coupling 
coefficient calculation, the overlap in the x-direction is assumed to be the same in both 
the etched and un-etched regions of the waveguide and is taken to be approximately Γx = 
1 for this ridge-waveguide design.   
 
 
Figure 2.7  Diagram of the DFB-TL waveguide structure showing cross sections of the 
device layer structure and dimensions for the front (a) and side (b) view. 
 
 Using Equation (2.16) we are then able to design the etch depth d to yield a 
sufficiently large coupling coefficient.  The values of the refractive indices for the 
grating, n1 and n2, are 1.54 and 3.0259 corresponding benzocyclobutene (BCB) and a 
weighted average of the upper cladding AlGaAs layers.  BCB is a planarizing dielectric 
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and its purpose will be described in the device fabrication section.  Figure 2.8 shows a 
plot of the magnitude of the coupling coefficient κ (cm-1) versus the grating etch depth d 
(nm) for a third-order grating design assuming a 50% duty cycle for the etched to un-
etched regions. 
     
 
Figure 2.8  Coupling coefficient κ as a function of grating etch depth d into the upper 
cladding layers of the DFB-TL. 
 
 The coupling coefficient forms part of a key figure of merit to properly 
characterize any type of DFB semiconductor laser.  The κL-product (where κ is the 
grating coupling coefficient and L is the total length of the grating/device cavity) 
represents the perturbation strength for the grating interaction along the full waveguide.  
Many different sources have proposed various “optimal” κL values for achieving high 
single-mode DFB laser yield.  Generally, low κL values provide poor longitudinal-mode 
selectivity and high κL values can cause spatial hole burning, which reduces the 
longitudinal side-mode suppression ratio [27].  From [28], the ideal κL value for a DFB 
laser with two cleaved mirrors is considered to be in the range 1.0 – 1.5 while the 
recommended κL value for facets coated with a dielectric film to achieve low reflectivity 
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is closer to 2.  Figure 2.9 shows calculated values of κL for the etch depths corresponding 
to Figure 2.8.  In order to achieve a κL-product with an optimum value between 1 and 2, 
the etch depth into the upper cladding layers of the structure must be in the range of 275 
to 300 nm.  This is determined for a 400 μm long device which is the standard transistor 
laser device length studied in this work. 
 
 
Figure 2.9 Coupling coefficient product κL as a function of total device length for various 
grating etch depths. 
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3 DEVICE FABRICATION 
3.1 Soft Photocurable Nanoimprint Lithography 
 Typically, fabrication of sub-wavelength gratings is based on either interference 
lithography (IL), or electron beam lithography (EBL).  IL allows very accurate control of 
the grating period and phase over a large area, but requires a very finely tuned setup to 
produce the pattern on smaller samples.  EBL has very high resolution and virtually any 
nanopattern can be realized. However, this is a very time consuming and costly step 
because all the patterning must be done by direct writing.  Recently, soft nanoimprint 
lithography (soft NIL) has shown the ability to provide a cost effective alternative to EBL 
for the fabrication of submicron features.  The transfer of 100 nm features in GaAs has 
been performed [29].   However, this process did not demonstrate any sort of pattern 
definition suitable for device alignment and fabrication.  For this work, a soft NIL 
process that can be used during the front-end transistor laser process to produce a DFB 
surface grating has been developed. 
 The basic process flow for using soft NIL to transfer a surface grating pattern is 
shown in Figure 3.1.  In Step 1, the pattern is transferred from a Si master template to a 
polydimethylsiloxane (PDMS) mold that will be used as the imprint mask.  The PDMS 
compound used in this work is Sylgard 184 silicone elastomer from Dow Chemical that is 
transparent down to at least i-line radiation wavelengths.  The PDMS replica formed 
during Step 1 is a negative image of the pattern on the silicon master.   
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Figure 3.1  Process flow utilizing soft NIL to transfer sub-micron patterns into a GaAs 
substrate. 
 
 The PDMS mold is composed of a 10:1 weight ratio mixture of Sylgard 184 base 
to Sylgard 184 curing agent.  Each part is stirred together vigorously and the solution is 
placed in a vacuum chamber at room temperature to degas.  While the PDMS solution is 
degassing, the silicon master template is soaked in a beaker of PlusOne Repel-Silane ES 
(a 2% solution of dimethyldichlorosilane dissolved in octamethylcyclooctasilane) for 
about 15 min and is rinsed with isopropyl alcohol and deionized water.  This facilitates 
the release of the PDMS mold from the silicon wafer by forming a non-stick hydrophobic 
coating on the silicon surface.  The silicon master wafer is then placed grating side up in 
an aluminum boat and the degassed PDMS mixture is poured directly on top until the 
total thickness of the PDMS is between 1 and 3 mm.  Great care is taken to avoid the 
formation of air bubbles in the area over the grating pattern.  After curing in an oven at 
90 °C for 24 h, the PDMS replica is carefully separated from the silicon master.  Multiple 
PDMS molds can be created from the same master, thus greatly reducing the cost of 
fabricating multiple samples with sub-micron grating features.  Figure 3.2 shows a 
picture of a completed PDMS mold next to a dime for scale.  A color gradient across the 
surface of the mold reveals the light refraction effects from the periodic grating. 
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Figure 3.2  Color picture of a fabricated PDMS mold. 
 
 The master templates used in this work were obtained from AMO GmbH and are 
designed for the GaAs/AlGaAs TJ and DFB transistor laser structures described in 
Chapter 2. They are designed with a 454 and 446 nm period respectively, and both have a 
50% duty cycle (
spaceline WW ).  This will give  third-order Bragg wavelengths (λB) of 1000 
and 980 nm.  The features on the silicon masters are designed with etch depths of 100 nm 
to ensure a good aspect ratio for the imprint pattern transfer.  If the etch depth is too deep, 
the high aspect ratio will result in more fragile features when the pattern is transferred to 
the PDMS and will also make it more difficult for the photoresist to completely fill the 
pattern during the imprint process.  In order to guarantee the most accurate alignment of 
the DFB gratings with the later optical lithography processing of the laser stripes, the 
template was designed so that the lines and spaces were oriented perpendicular to the 
major flat of the Si master with a maximum misalignment tolerance of ±2.5º.  Figure 3.3 
shows verification of the Si master template designed for a 454 nm period with a top-
down SEM image (a) and an atomic force microscope (AFM) scan of the grating surface 
(b). 
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Figure 3.3  Top down SEM image (a) and AFM scan (b) verifying the dimensions of the 
Si master template designed for a 454 nm period. 
 
 In Step 2 of Figure 3.1, a layer of PECVD silicon nitride is blanket deposited on 
the bare wafer to a thickness of about 200 nm.  A thick layer of nitride is needed to 
provide a sufficiently robust mask during the dry etching of the epitaxial material.  A bi-
layer stack of nanoimprint photoresists from Nanonex, Inc., is then used for the imprint 
transfer.  The under layer resist, Nanonex brand NXR-3020, is first spin-coated onto the 
wafer for 30 s at 5000 RPM.  After being baked at 90 ºC for 90 s, the resist film is about 
200 nm thick.  The top layer is a special mixture of NXR-2010 (a UV-curable 
nanoimprint resist), AZ5214E photoresist and acetone. The mixture is designed so that 
the resist stack will not adhere to the PDMS mold during the imprint process.  The photo-
curable resist mixture is spun onto the wafer for 30 s at 2500 RPM, resulting in a 
thickness of about 120 nm that stays in liquid state until crosslink occurs.  An SEM cross 
section of the resist stack is shown in Figure 3.4. 
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Figure 3.4  SEM cross section of the nanoimprint resist stack with silicon nitride under 
layer. 
 
 Step 3 occurs immediately after the top resist layer is spun on; the PDMS mold is 
placed atop the substrate to imprint the resist.  Positioning is performed by hand by 
aligning the flat edge of the PDMS mold to the cleaved flat of the semiconductor sample.  
Although the current technique does not use a mechanical micro-positioner setup to 
perform alignments, very good accuracy can still be attained.  This is done at room 
temperature with a gentle tap of the finger being the highest level of pressure applied. 
The process is very simple and does not require expensive equipment or a complicated 
alignment apparatus to apply heat and pressure in order to achieve high quality imprint 
patterns. This form of soft NIL relies on capillary action to cause the photoresist to fill 
the voids in the mold. The filling is observed by watching the color change through the 
clear PDMS mold as it is placed on top of the sample.  Once the color change occurs, the 
mold is allowed to rest on the sample for at least 30 s before the curing step is performed.  
The PDMS along with the substrate is flood exposed to UV light at 365 nm for 90 s at 6 
mW/cm
2
 on a Karl Süss contact mask aligner to cure the nanoimprint resist and harden it 
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for the dry etching pattern transfer step.  Afterwards, the PDMS replica is carefully 
peeled from the substrate, leaving a textured resist surface on the substrate.  If the imprint 
was performed correctly, the refractive effects of the grating will be visible as the sample 
is tilted under the room lights.  Figure 3.5 shows an SEM cross section of a sample after 
Step 3 using a 2D grating pattern for the imprint.  It can be seen that the nanoimprint 
process only displaces the NXR-2010 resist layer and does not completely remove the 
material in the trench areas.  This residual layer of resist will be completely removed 
during the next step. 
 
 
Figure 3.5  Imprinted resist cross section after curing and removal of the PDMS mold. 
 
 Next (Step 4 in Figure 3.1), a three-step reactive ion etch (RIE) process is needed 
to finish transferring the grating pattern to the substrate. A low pressure CHF3 RIE 
plasma is first used to remove residual NXR-2010 resist at trench bottom (which can be 
clearly seen in Figure 3.5).  The etch uses 10 sccm of CHF3 gas with 5 mT process 
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pressure at 90 W RF power (producing a DC bias around 340 V) for 3:30 to completely 
clear the residual layer.  If this layer is not removed completely, the grating pattern will 
fail to transfer successfully through the NXR-3020 and silicon nitride layers to the 
semiconductor surface.  An example of a failed etch is shown in Figure 3.6. 
 
Figure 3.6  SEM cross section of a failed grating pattern transfer etch resulting from 
incomplete NXR-2010 residual layer removal. 
 
 A pure oxygen plasma RIE with 20 sccm O2, 6 mT process pressure, and 40 W 
RF power (~ 210 V DC bias) is then used to transfer the features to the NXR-3020 resist 
layer, using the top resist as an etch mask.  Due to the silicon content in NXR-2010 resist, 
a selectivity of about 11 with respect to the NXR-3020 resist is achieved in the oxygen 
RIE plasma.  The etch is designed to be as anisotropic as possible to accurately transfer 
the imprinted grating pattern through the resist stack without excessive undercutting of 
the features.  A second CHF3 etch with the same process conditions as the first is then 
used to pattern the underlying layer of silicon nitride.  This etch will clear off the 
remaining NXR-2010 resist but provides enough selectivity to not degrade the NXR-
3020 as an etch mask.  Top-down and cross-sectional views of the resulting pattern are 
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shown in Figure 3.7.  Without the NXR-3020 underlayer it would be impossible to 
imprint and etch a SiNx layer much thicker than about 60 nm due to the erosion of the 
NXR-2010 resist in the CHF3 plasma. 
 
Figure 3.7  Top down (a) and cross section (b) SEM images of patterning of 446 nm pitch 
SiNx lines.  NXR-3020 resist is still present and visible as darker areas on top of the 
nitride lines.  The exposed GaAs substrate is visible in the wider spaces. 
 
 The grating features are clear and well defined, but it is evident from Figure 3.7 
that during the dry etch, the pattern transfer results in a grating duty cycle that no longer 
matches the 50% duty cycle of the master template.  This is a result of mask erosion and 
imperfect anisotropic etching of the silicon nitride in the CHF3 plasma.  However, this is 
not a problem because the correct pattern definition is restored in subsequent processing 
steps.  After the SiNx etch, any remaining resist is cleaned off of the wafer with a 10 min 
soak in hot methanol followed by a 10 min oxygen plasma etch at 300 W.  This step is 
very critical to wafer cleanliness as the resist tends to polymerize during the CHF3 plasma 
RIE step. 
 In order to restore the 50% duty cycle, as well as provide a dry etch mask for later 
processing, a second layer of ~ 100 nm thick PECVD SiNx is blanket deposited on the 
sample.  This is schematically illustrated in Step 5 of Figure 3.1.  An SEM picture of the 
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resulting pattern is shown in Figure 3.8.  The PECVD of the silicon nitride is a conformal 
process and widens the previous nitride pattern shown in Figure 3.7.  The duty cycle of 
the grating lines and spaces has now been shifted too far in the other direction, but during 
the next nitride etch step will be restored to 50%. 
  
 
Figure 3.8 SEM cross section of the grating pattern after a second PECVD SiNx 
deposition.  
 
 After the additional SiNx deposition, the sample is spin-coated with AZ5214E 
photoresist, and an image reversal process using contact lithography is performed to 
expose areas of the wafer where the gratings are to be etched into the upper cladding 
layers (Step 6 of Figure 3.1).  The image reversal process is used so that a light field 
mask plate may be employed for the grating stripe pattern level.  Since at this point no 
mask features or alignment marks have been placed on the sample, the grating stripe 
mask is aligned to the cleaved edges of the wafer so that the stripes are oriented 
perpendicularly to the linear grating.     
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 As shown schematically in Step 7 of Figure 3.1, the SiNx regions in the opened 
photoresist windows are etched with the same low pressure CHF3 RIE plasma used 
during Step 4.  This timed etch is calibrated to completely clear the nitride in the trench 
regions (see Figure 3.8) and also to perform a partial lateral etch on the raised grating 
features.  After the dry etch step, the AZ5214E is stripped in a heated acetone bath for 10 
min followed by a 10 min oxygen plasma etch at 300 W.  The resulting pattern is shown 
in Figure 3.9.  By etching in both the vertical and horizontal directions in the exposed 
area, the second silicon nitride etch restores the DFB grating duty cycle to 50%.  The 
sample now contains patterned device stripes with a nitride hard mask and is ready for 
the grating to be etched into the semiconductor material (Step 8 in Figure 3.1). 
 
 
Figure 3.9  SEM image of a patterned DFB-TL stripe with 448 nm period after PR mask 
removal. 
 
3.2 GaAs/AlGaAs Dry Etching 
 Developing a sub-micron etching technique from scratch can be very difficult and 
time consuming, so before etching the grating pattern into the AlGaAs upper cladding 
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layers, it was advantageous to develop a repeatable anisotropic dry etch on bulk GaAs 
material.  Once this recipe was established it would be much easier to adjust that process 
for the much smaller DFB feature sizes.  For this design it was very important to establish 
a repeatable etch rate as well as a high degree of anisotropy with smooth sidewall 
surfaces for aspect ratios of at least 2:1.  The etch rate and depth are critical in controlling 
the magnitude of the coupling coefficient for the DFB-TL.  A very anisotropic dry etch is 
required during fabrication for two reasons: (1) all of the DFB designs are calculated 
assuming a perfectly rectangular grating shape with a 50% duty cycle and (2) even the 
slightest amount of undercut on the ~225 nm grating mesas during the etch process will 
likely result in complete destruction of the grating features.   
 Initial dry etch tests were performed on bulk GaAs substrates.  The samples were 
patterned with mask features approximately 2 μm wide at the narrowest point and using a 
200 nm silicon nitride layer as the etch mask.  All etches were performed on a 
PlasmaTherm SLR-770 inductively coupled plasma reactive ion etcher (ICP-RIE) which 
allows control of both the ion energy and density of the etching plasma.  A SiCl4:Ar gas 
discharge has been shown to be suitable for the anisotropic etching of GaAs with minimal 
edge roughness and smooth surface morphologies [30], [31].  Excellent results, smooth 
anisotropic sidewalls and repeatable etch rates were obtained using the following etching 
parameters at room temperature: 1 sccm SiCl4, 10 sccm Ar, 3 mT operating pressure, 20 
W RIE power, and 30 W ICP power.  Results of the etch tests are shown in the graphs of 
Figure 3.10 while Figure 3.11 shows an SEM view of the ICP-RIE etch profile.  As 
shown, the etch is controllable, repeatable and produces a smooth vertical profile with no 
foot and little undercutting of the mask mesa. 
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Figure 3.10  Graphs showing a linear GaAs etch rate vs. time and a repeatable etch rate 
over various processing runs. 
 
 
Figure 3.11  SEM image of the dry etch profile on bulk GaAs with silicon nitride as a 
mask. 
 
 This etch process was then used with sub-micron nanoimprint test structures.  As 
expected, the bulk GaAs process parameters did not transfer adequately to the sub-micron 
features and resulted in a large lateral undercut profile with significant pattern 
degradation as seen in Figure 3.12.  The features are almost completely undercut in some 
locations and exhibit oval shaped sidewalls.   
 Various experiments were designed and performed to optimize the ICP-RIE 
etching conditions for the sub-micron patterns.  It was found that in order to achieve 
vertical sidewall profiles, the ICP-RIE plasma etch needed to use less chemical etching 
and have more of a physical sputtering component.  This was accomplished by increasing 
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both the plasma density in the etch chamber and the bombardment energy of the ions via 
raising the ICP and RIE power settings.  The material is then etched in the ICP-RIE using 
a SiCl4:Ar plasma in a ratio of 1:10.  A low power etch is used to minimize any damage 
that may occur to the underlying semiconductor active region.  Both the ICP and RIE 
powers are increased to 50 W at a pressure of around 3 mT to produce the vertical profile 
shown in Figure 3.13. 
 
 
Figure 3.12  SEM image of 2D nanoimprint features patterned on a GaAs substrate using 
the calibrated bulk GaAs ICP-RIE dry etch recipe. 
 
 
Figure 3.13  GaAs profile after ICP-RIE etching in 1:10 SiCl4:Ar. 
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 This etch shows very little undercutting, no sloping at the bottom of the etch, and 
good etch selectivity to the silicon nitride mask layer.  Once this etch process was 
established using a bare GaAs substrate wafer, it was tested on a transistor laser epitaxial 
layer structure with AlGaAs upper cladding layers.  The ICP-RIE dry etch showed almost 
no etch rate selectivity between the GaAs contact layer and the AlGaAs cladding layers 
of various compositions. Figure 3.14 shows the etch results on patterned grating features.  
Notice the thick double layer of SiNx outside of the patterned region preventing any 
substrate etching where not desired.  During processing of real devices, it is impossible to 
obtain an exact measurement of the etch depth due to the size and aspect ratio of the 
gratings.  A conventional AFM tip cannot reach the bottom of the etched region, so tight 
control over the ICP-RIE etch rate and verification with SEM imaging is the best way to 
monitor this step in the process. 
 
Figure 3.14  ICP-RIE etching of GaAs/AlGaAs successfully transferred into a stripe 
pattern. 
   
 A pattern such as this may now be used as the surface grating over the ridge 
region in a transistor laser device. Although not used in this work, patterns have been 
generated that may be used to form surface gratings for laterally coupled DFB structures 
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as well.  An example is shown in Figure 3.15 illustrating that the soft photocurable 
nanoimprint process developed in this work can be used to create a variety of complex 
sub-micron patterns that can be integrated with existing transistor laser designs. 
 
Figure 3.15  SEM image of DFB gratings etched laterally along a laser ridge geometry. 
 
3.3 Grating Integration with TL Device Process 
 Once the grating pattern has been transferred into the desired regions using ICP-
RIE etching, processing of the emitter mesa of the DFB transistor laser structure can 
proceed according to the process flow of Figure 3.16.  The nitride that was used as an 
etch mask for the grating patterning process is removed using a CF4 plasma.  Even 
though the sample is exposed in the RIE with 15 sccm CF4 at a process pressure of 200 
mT with 65 W power, very small areas of SiNx residue, shown in Figure 3.17, remain in 
the field regions of the sample (but not on the active region stripes).  It is believed that 
this scum is a result of SiNx and photoresist that have been polymerized during the 
various dry etch processes.  However, this is not a problem because those regions will be 
mostly etched away during subsequent processing steps.   
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Figure 3.16  Basic process flow for etching laser ridge waveguide in GaAs/AlGaAs laser 
structure incorporating soft NIL grating region over the active area. 
 
 
Figure 3.17  SEM image of emitter stripe region with etched gratings showing silicon 
nitride residue left in field area after stripping in CF4 plasma. 
 
   Next, a thin third layer of PECVD SiNx (70 nm) is deposited to serve as an etch 
and oxidation mask for the emitter ridge.  Standard contact photolithography techniques 
are used to align and pattern a ridge stripe approximately 1 μm wider on either side of the 
nanoimprinted grating area.  The nitride is etched in a CF4 plasma and the sample is flood 
exposed under UV light and soaked in a developer solution followed by heated acetone to 
completely remove the photoresist.  The emitter mesa is then formed by a two-step wet 
etch process of 5:1 C6H8O7:H2O2 and 1:8:90 H2SO4:H2O2:H2O that stops on the 
In0.49Ga0.51P wide-gap emitter layer.  The sample then undergoes a wet oxidation step to 
passivate the ridge sidewalls and confine the emitter current to a region underneath the 
DFB gratings.  The sample is oxidized (undercut laterally) for 8.5 min at 415 °C in a 
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furnace supplied with N2+H2O resulting in a ~0.5 μm lateral oxidation which forms an 
oxide edge collar constraining the grating region as shown in Figure 3.16.  Special care 
must be taken to calibrate the oxidation time so that the oxide reaches laterally as close as 
possible to the grating features in order to increase the effectiveness of the index 
perturbation by confining the emitter injection current underneath the etched part of the 
stripe.  However, if the oxidation front reaches the grated material, the oxidation process 
speeds up and can partially or completely oxidize the active emitter material as shown in 
the cross sections of Figure 3.18. 
 
Figure 3.18  SEM images of (a) complete emitter oxidation and (b) partial oxidation. 
 
 In the GaAs/AlGaAs structures it is also critical that the high aluminum 
composition material in the emitter uncovered during the ICP-RIE grating etch is capped 
by SiNx; otherwise, the exposed AlGaAs will also oxidize and stop all current flow from 
the emitter cap layer.  Figure 3.19 shows an SEM image of the end of an emitter ridge 
mesa that has been successfully etched and oxidized with the DFB grating in the center. 
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Figure 3.19  Emitter mesa after wet etch and AlGaAs oxidation. 
 
 The protective silicon nitride mask is then removed by plasma (CF4) etching.  It is 
critical that the nitride is removed at this juncture so that the GaAs base surface does not 
undergo any damage during the plasma etch.  The p-type base layer is exposed by 
removing the In0.49Ga0.51P layer in an HCl acid wet etch, and a 50 μm wide PR window is 
patterned ~5 μm away from the emitter mesa edge where Ti/Pt/Au is evaporated for 
contact to the base.  After metal lift-off, another PR stripe is patterned and the GaAs base 
and collector layers are removed using a selective etch (5:1 C6H8O7:H2O2), and the 
In0.49Ga0.51P etch-stop layer is removed by an HCl wet etch, exposing the heavily doped 
n-type GaAs sub-collector layer.  Collector contacts are then created by forming a 50 μm 
PR window over the sub-collector material and depositing a AuGe/Ni/Au ohmic-contact 
metal stack.  Next, a layer of benzocyclobutene (BCB) dielectric is spun on for 60 s at 
4000 RPM to achieve a thickness of about 2.6 μm.  The BCB is then placed in a vacuum 
oven for 3 h at 250 °C to ensure that the polymer is 100% cured.  After this step, the step 
height across device features is planarized from about 9 kÅ to less than 1 kÅ.  The 
dielectric is then etched in a CF4/O2 plasma consisting of 15 sccm CF4, 20 sccm O2, 70 
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mT process pressure, and 50 W RF power (240 V DC bias) to remove most of the over-
layer of BCB.  The RF power is then lowered to 25 W to expose the heavily doped n-type 
emitter contact layer as well as the base and collector contact pads.  The emitter mesa 
region is exposed by approximately 1 kÅ, leaving the etched grating regions filled with 
BCB dielectric.  Care must be taken so that not too much of the BCB is cleared during 
the etch-back process.  Overetching could cause a couple of problems that would harm 
device performance. First, since the emitter contact metal pattern overlaps the base 
material surface, clearing the BCB in this region would result in a base to emitter short 
when emitter metal is deposited.  Second, if the grating trenches are filled with emitter 
metal instead of dielectric, then additional optical loss will introduced into the DFB-TL 
waveguide increasing laser threshold.  Then, a 30 μm wide PR window is opened over 
the emitter mesa and un-etched BCB to permit deposition of AuGe/Ni/Au for the emitter 
contact.  After metal deposition, the sample is placed in a tube furnace with N2 ambient 
annealed at 325 °C for 10 min to form ohmic contacts to the emitter and collector layers.  
The DFB-TL samples are lapped to a thickness of ~75 μm and a thin layer of Ti/Au is 
deposited on the substrate side of the crystal.  Finally, the sample is cleaved normal to the 
emitter stripes to form the outside laser cavity (no coatings are applied to either facet) and 
the laser bars are alloyed onto Cu heat sinks coated with In.  A schematic diagram of the 
fabricated device structure is shown in Figure 3.20. 
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Figure 3.20  (a) Schematic diagram of the structure of a DFB transistor laser (TL).  (b) 
SEM image of the front facet of the device.  The grating region is backfilled with BCB 
dielectric to facilitate emitter contact formation.  
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4 DEVICE RESULTS 
4.1 Base-Emitter Diodes on Tunnel Junction Material 
 The very first devices fabricated using the third-order grating process over the 
emitter active region were tested on the tunnel junction epitaxial layer structure shown in 
Figure 2.1.  Both a DFB sample and a reference Fabry-Perot (FP) sample are processed 
using the same laser crystal.  The FP device has the same active device dimensions as the 
DFB device but contains no periodic structure modifications to the upper AlGaAs 
cladding layers.  In order to more easily prove the design concept and effectiveness of the 
periodic grating on the optical output of the laser, only the base-emitter diodes of these 
devices were tested.  This allows the optical output to be characterized near room 
temperature. 
   The cleaved laser bars are mounted on heat sinks and placed on a thermoelectric 
heater/cooler for testing.  Bias voltages (common emitter operation) are provided using 
an HP4142B dc power source and the light output is coupled to a cleaved multi-mode 
optical fiber.  The base-emitter diode I-V characteristics are shown in Figure 4.1. 
 
Figure 4.1  Base-emitter diode I-V comparison between the Fabry-Perot sample (red) and 
the DFB sample (black).  The devices are operated at 0 °C for CW laser operation. 
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 Both devices are designed to have dimensions of WE = 5.5 μm and Wox = 0.5 μm 
with a total device length of 400 μm; however, due to process variations, the amount of 
lateral oxidation differed by about 0.25 μm between the samples.  The devices were 
tested at 0 °C so that the diodes were guaranteed to lase in continuous wave operation.  
Introducing the grating into the emitter active region does not seem to negatively affect 
the electrical characteristics of the base-emitter diode.  Both devices show approximately 
the same diode turn-on voltage and the DFB sample actually has a slightly lower 
resistance when it is conducting current. 
 Next, the effects of the grating on the optical properties of the sample were 
examined by observing the light output characteristics from a single facet of the device.  
The base-emitter diode current was swept from 0 to 125 mA for the FP device and from 0 
to 175 mA for the DFB device.  The results are shown in Figure 4.2.  Both samples 
exhibit CW laser operation at 0 °C, but the FP device has a laser threshold of IB = 49 mA 
while the DFB sample threshold is higher at IB = 90 mA.  The approximately 2x increase 
 
Figure 4.2  Base-emitter diode L-I comparison between the Fabry-Perot (red) and DFB 
(black) samples on the tunnel-junction material tested at 0 °C. 
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in threshold current can be attributed to the additional optical loss in the cavity, some 
processing damage (and leakage), and reduction of heat extraction efficiency as a result 
of introducing the Bragg gratings directly into the emitter AlGaAs cladding region.  The 
DFB output power also begins to roll over at a lower level due to increased device 
heating at higher current densities. 
      Next, the light emission output spectrum from each device is characterized 
using an Advantest Q8384 optical spectrum analyzer.  The baseline FP sample exhibited 
a multi-mode output spectrum across all bias currents, and typical data is shown in Figure 
4.3 for the device operating at 0 °C with a bias current of 110 mA.  The output spectrum 
of the laser has multiple broad peaks centered on 995 nm with no indication of mode 
selectivity.  The  DFB device output was also examined and typical results are shown in 
Figure 4.4 for the device operating at 0 °C with a bias current of 110 mA.  The grating 
clearly affects the shape of the output spectrum for the DFB device.  However, the device 
still shows multi-mode operation even though greater side-mode suppression is now 
evidenced between lasing peaks. 
 
Figure 4.3  Continuous wave optical output spectrum of the FP device operating at 0°C 
with a base-emitter current IBE = 110 mA. 
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Figure 4.4  Continuous wave optical output spectrum of the FP device operating at 0 °C 
with a base-emitter current IBE = 140 mA. 
 
 In order to increase the gain differential between the Fabry-Perot modes and the 
distributed feedback Bragg wavelength mode, a quarter-wavelength anti-reflective 
dielectric coating is applied to one facet of the DFB device.  The coating is a single layer 
of PECVD silicon nitride with a refractive index of 1.85 deposited for a total thickness of 
λ\4 at λ = 1000 nm.  After this change, the threshold of the device remains unchanged but 
the optical spectrum characteristics are greatly affected.  The results are shown in Figure 
4.5.  Right near the threshold current (IBE = 90 mA), a single laser mode at 989.68 nm 
begins to dominate.  At currents above laser threshold, the output remains single-mode 
across all bias points with a total wavelength shift (due to device heating) of 0.74 nm.   
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Figure 4.5  Continuous wave (CW) stimulated emission spectra for various base-emitter 
bias currents (IBE = 90, 110, 130, 140, 150 and 170 mA) above laser threshold (IBE = Ith = 
90 mA) for the DFB TJ BE diode with AR coating.  The total wavelength shift of the 
peak output is 0.74 nm. 
   
 
Figure 4.6  Continuous wave operation (CW) recombination radiation spectra 
corresponding to the DFB diode device with a base-emitter current of IBE = 140 mA.  The 
output is single-mode centered at λ = 990.12 nm with a SMSR of 30 dB. 
 
 Figure 4.6 shows an expanded view of the device spectrum when biased at IBE = 
140 mA.  The output shows single-longitudinal-mode operation with a peak wavelength λ 
= 990.12 nm and a side-mode suppression ratio of 30 dB.  With the use of the anti-
reflection coating, the Fabry-Perot modes are suppressed and the mode at the Bragg 
wavelength dominates.  The single-mode output wavelength is slightly lower than the 
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design wavelength of 1000 nm, but this is most likely caused by the waveguide’s change 
in refractive index with temperature [32] along with calculation errors that were made 
when determining the effective index of the laser ridge-waveguide structure. 
 Finally, the temperature dependence of the DFB devices is compared to that of the 
standard Fabry-Perot devices.  The devices are tested inside a custom chamber that is 
pumped to a pressure of around 10 mTorr to prevent condensation during 
characterization.  Figure 4.7 shows the temperature dependent laser output spectra of the 
DFB sample measured in continuous wave operation at various bias currents.  The device 
exhibits single-longitudinal-mode output up to a current bias of ~2x threshold at 
temperatures of 0 °C, -10 °C, and -20 °C.  In fact, the peak wavelength remains locked 
even as the gain spectrum of the device shifts to lower wavelengths as the temperature is 
decreased.  This can be seen by examining the location of the peak relative to the gain 
profile in Figure 4.7. 
 
Figure 4.7  Temperature dependent light output spectra for the DFB TJ base-emitter 
diode devices for multiple bias currents (IBE) above laser threshold.  Stimulated emission 
spectra are measured at (a) 0 °C, (b) -10 °C, and (c) -20 °C. 
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 Finally, the overall shift in peak laser output wavelength versus temperature is 
compared for the FP devices and the DFB devices.  Figure 4.8 shows the results for the 
two devices in CW operation with a base-emitter bias current IBE = 140 mA.  The DFB 
device exhibits a wavelength shift of only 0.068 nm/°C compared to a shift of 0.24 nm/°C 
for the FP sample.  The introduction of the third-order grating into the upper cladding 
layers of the device results in a single-longitudinal-mode output that is approximately 4x 
more stable with temperature than the un-perturbed Fabry-Perot design.    
 
Figure 4.8  Shift of peak emission wavelength with temperature for the FP (blue) and 
DFB (red) base-emitter diodes under CW operation.  Both devices are biased at IBE = 140 
mA.  The shift is 0.24 nm/°C for the FP and 0.068 nm/°C for the DFB.   
  
4.2 Distributed Feedback Transistor Lasers 
 A reference Fabry-Perot (FP) TL is processed using the same laser crystal as the 
DFB-TL whose fabrication steps were described in the previous section.  The FP-TL has 
the same active device dimensions as the DFB-TL but contains no periodic structure 
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modifications to the upper AlGaAs cladding layers.  Figure 4.9 shows SEM images of the 
cleaved facet active regions of the two devices. 
 
Figure 4.9  Comparison of the facet cross-sectional images of the FP-TL (left) and the 
DFB-TL (right). 
 
 To facilitate testing at lower temperatures, the heat-sunk wafers are mounted on a 
thermoelectric heater/cooler inside a custom chamber that is pumped to a pressure of 
around 10 mTorr to prevent condensation during device characterization.  Current and 
bias voltages (common emitter operation) are provided using an HP4142B dc power 
source. 
 The common-emitter output characteristics, collector current versus collector-
emitter voltage (I-V) curves, of the DFB-TL operating at -70 °C, at device dimensions WG 
= 4 μm and L = 400 μm, are shown in Figure 4.10.  As the base current, IB, is increased in 
1 mA intervals from 0 to 12 mA, the DFB transistor laser exhibits the usual transistor 
behavior with the grounded-emitter differential current gain β = ΔIC/IB increasing with 
IB (shown in Figure 4.11).  At base current IB = 13 mA the DFB transistor gain 
compresses (a unique signature of the TL) corresponding (typically) to TL onset of 
stimulated recombination [8].  For comparison, the common-emitter output 
characteristics of the FP-TL are shown in Figure 4.12 under the same operating 
conditions as the DFB-TL. 
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Figure 4.10  Collector I-V characteristics of the DFB transistor laser (4  400 μm2 
emitter) operated at -70 ºC.  Threshold occurs at base current IB ~ 13 mA where current 
gain β (β ≡ ∆IC / ∆IB)  compresses typical of a TL. 
 
 
Figure 4.11  Comparison plot of β versus IB for the FP-TL and the DFB-TL with constant 
collector-emitter bias voltage VCE = 1.5 V showing a reduction in gain at lasing 
threshold. 
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Figure 4.12  Collector I-V characteristics of the FP-TL (4  400 μm2 emitter) operated at  
-70 ºC.  Threshold occurs at base current IB ~ 6 mA. 
 
 As seen in Figure 4.11, although both devices exhibit the gain compression 
typical of the onset of lasing in a TL, the threshold of the DFB-TL is approximately 2x 
greater than the reference FP-TL.  The increase in threshold current is attributed to the 
additional optical loss in the cavity, some processing damage (and leakage), and 
reduction of heat extraction efficiency as a result of introducing the Bragg gratings 
directly into the emitter AlGaAs cladding region.  This also leads to the smaller laser 
operating range for the DFB-TL that is evident when comparing the family of curves for 
the two devices. 
 The light-intensity/base-current (L-IB) characteristics of the device are measured 
by coupling a fraction of the total light output from a single device facet to a cleaved 
multi-mode optical fiber.  Figure 4.13 shows a comparison of the continuous wave 
operation L-IB curves at - 70 ºC for (a) the DFB-TL and (b) the reference FP-TL.  Figure 
4.13 also shows the slope efficiency (dL/dIB) of each laser as a function of base current, 
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indicating that beyond threshold the DFB-TL has a steeper single-facet output differential 
efficiency. 
 
Figure 4.13  Comparison of the continuous wave operation (CW) optical emission 
intensity as a function of base current from a single-facet of the DFB TL (black lines) and 
a Fabry-Perot (FP) TL (grey lines) operating at -70 ºC with VCE = 1.5 V.  Bias points (a) 
and (b) correspond to the graphs of Figure 4.14.  The dotted lines are a plot of single facet 
output slope efficiency for each device.  Both devices have dimensions of 4 x 400 μm2. 
 
 The light emission output spectrum from each device is characterized using an 
Advantest Q8384 optical spectrum analyzer.  Figure 4.14 shows the stimulated 
recombination output spectra, normalized to the maximum intensity, for bias points (a) 
and (b) of Figure 4.13.  The FP-TL, even beyond threshold, clearly operates multi-mode 
with multiple lasing peaks around λ = 960 nm.  The DFB-TL demonstrates single- 
longitudinal-mode operation at a (base) bias current of IB = 19 mA with a SMSR of 26 dB 
and emission wavelength with a peak at λ = 959.75 nm. 
49 
 
 
Figure 4.14  (a) Continuous wave operation (CW) recombination radiation spectra 
corresponding to the transistor I-V characteristics of the DFB-TL of Figure 4.13 with a 
base current of IB = 16 mA and collector to emitter voltage bias of VCE = 1.5 V.  Plot (b) 
shows the multi-mode spectrum of the FP TL of Fig. 3 operated with IB = 19 mA and VCE 
= 1.5 V. 
 
 Figure 4.15 shows that the device output remains single-mode in CW operation 
across all tested bias points from just above laser threshold to IB = 25 mA.  The total peak 
output wavelength shift from IB = 15 mA to 25 mA (1.9xIth) is 0.24 nm, which is caused 
by device heating due to increased current density.  We note also that the DFB-TL 
achieves these results with as-cleaved facets and that utilizing an anti-reflection coating 
on one or both of the facets should improve the SMSR beyond the 26 dB shown here. 
These data establish that the continuous wave single-mode laser operation of an 
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InGaP/GaAs/InGaAs (QW) heterojunction bipolar transistor laser can be accomplished 
by introducing a third-order DFB grating into the upper cladding layers of the device 
structure.  The DFB-TL can be improved by decreasing the device length and the number 
of longitudinal modes, which have not been suppressed, and by increasing the DFB 
coupling. 
 
 
Figure 4.15  Continuous wave (CW) stimulated emission spectra for various base bias 
currents (IB = 15, 16, 17, 18, 19, and 25 mA) above laser threshold (IB = Ith = 13 mA) for 
the DFB-TL.  The total wavelength shift of the peak output is 0.24 nm. 
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5 CONCLUSIONS AND FUTURE WORK 
 These data establish that the continuous wave single-mode laser operation of an 
InGaP/GaAs/InGaAs (QW) heterojunction bipolar transistor laser can be accomplished 
by introducing a third-order DFB grating into the upper cladding layers of the device 
structure.  The device produces continuous wave (CW) laser operation with a peak 
wavelength λ = 959.75 nm and threshold current IB = 13 mA operating at -70 °C.  For 
devices with cleaved ends, a side-mode suppression ratio (SMSR) > 25 dB has been 
achieved.   
 The DFB-TL can be improved by decreasing the device length and the number of 
longitudinal modes, which have not been suppressed, and by increasing the DFB 
coupling.  The side-mode suppression ratio and single-mode yield of the device can be 
greatly improved by incorporating high reflection and low reflection dielectric coatings 
onto the facets of the device.  This will help suppress the Fabry-Perot longitudinal modes 
from lasing and reduce the phase uncertainty effects that arise from the random cleave 
location.  Further optimization can also be done to the grating dry etch step to reduce 
surface damage and decrease loss in the optical cavity, which will lead to a lower lasing 
threshold.  The coupling coefficient can also be improved by employing a device design 
that utilizes double-sided base contacts so that the current injection and radiative 
recombination will be uniformly distributed underneath the grating features. 
 Ultimately, the DFB scheme for the transistor laser will probably be implemented 
in the base region of the device with epitaxial re-growth techniques used to complete the 
structure.  If these improvements can be introduced into a high-speed RF transistor laser 
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device layout, the DFB-TL will be a very promising device technology for the next 
generation optoelectronic and RF photonic integrated circuits. 
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